We show that the plasma and magnetic fields in the inner region of Saturn's plasma disk rotate in synchronism with the time-variable modulation period of Saturn's kilometric radio emission. This relationship suggests that the radio modulation has its origins in the inner region of the plasma disk, most likely from a centrifugally driven convective instability and an associated plasma outflow that slowly slips in phase relative to Saturn's internal rotation. The slippage rate is determined by the electrodynamic coupling of the plasma disk to Saturn and by the drag force exerted by its interaction with the Enceladus neutral gas torus.
Saturn's plasma disk, also sometimes called the plasma sheet or plasmasphere, is a dense co-rotating plasma with a north-south thickness of about 1 to 2 R S that extends outward into the magnetosphere from near the outer edge of the A ring (11, 12) . The co-rotation is caused by electromagnetic forces imposed by currents that flow along the highly conducting magnetic field lines between the plasma disk and the upper atmosphere of Saturn. Most of the plasma in the plasma disk is believed to originate from ionization of a torus of neutral gas that is present near the orbit of Enceladus. This torus originates from geyser-like plumes of water on Enceladus that inject water vapor and ice particles into orbit around Saturn (13) (14) (15) . Because of the rapid rotation of the plasma disk, the centrifugal force at these radial distances is substantially larger than Saturn's gravitational force. Interchange motions driven by the centrifugal force then act to transport the plasma outward into the magnetosphere. Since the plasma particles are constrained by electromagnetic forces to move approximately along magnetic field lines, the centrifugal force also acts to concentrate the plasma near the equatorial plane, thereby forming the disk-like structure.
The data used in this study are from the Radio and Plasma Wave Science (RPWS) and Magnetometer (MAG) instruments on the Cassini spacecraft, which is in orbit around Saturn. In an earlier study (16) using electron density measurements from the RPWS we noticed that in the vicinity of Enceladus' orbit, from about 3 to 5 R S , the electron density is often quite different on the inbound and outbound portions of the same pass (Fig. 1 ). This variability was initially thought to be attributable to the spacecraft position relative to Enceladus, but further study showed that it was not so. Instead, using the time variable SKR longitude system introduced by Kurth et al. (17) , we found (Fig. 2) that the electron density in the inner region of the plasma disk has a nearly sinusoidal variation with SKR longitude and that this variation is in phase with a similar nearly sinusoidal variation in the azimuthal, B ϕ , component of the magnetic field in the plasma disk. This relationship strongly suggests that the plasma density and magnetic field in the inner region of the plasma sheet have a rotational control that is directly linked to the time variable period of the SKR modulation. By itself a sinusoidal longitude variation does not provide proof of rotational control, even though the longitude is measured relative to a rotating reference. To demonstrate rotational control, it is essential that measurements be made over a range of local times in order to confirm that the longitude is the controlling variable. Fortunately, the orbit of Cassini provides good local-time coverage and longitude coverage of both the magnetic field and the electron density (figs. S1 and S2). A simple test can then be performed to confirm rotational control. This test consists of plotting the measured quantities as a function of the longitude relative to some fixed direction, such as the Sun. This test shows the amplitude of the modulation decreases and the spread of the data points relative to the best-fit increases significantly (compare Figs. 2B and 2C with figs. S4B and S4C) thereby providing convincing evidence that both the magnetic field and the plasma density in the inner region of the plasma disk rotate at a rate that is synchronous with the time-variable SKR modulation. For other factors that could affect this interpretation, such as aliasing due to data gaps, and for an analysis of the slow long-term time variations in the rotation rate, see the supporting online material (SOM).
The occurrence of a large rotational modulation of the plasma and magnetic fields deep in the inner region of the magnetosphere that is phase locked to the time-variable SKR modulation is surprising. Most of the rotational effects that have been previously reported occur much farther out in the magnetosphere. That the density modulation occurs near the orbit of Enceladus strongly suggests that the rotational effects observed farther out in the magnetosphere are driven by some rotational process that involves an interaction with the Enceladus neutral gas torus. This conclusion is consistent with the view that the general direction of energy flow should be outward, away from the source of the plasma and in the direction of the centrifugal force. In fact, this direction for the propagation of rotational disturbances has already been suggested and is the basis for the "camshaft" model proposed by Espinosa et al. (4) . In this model an unspecified rotating disturbance, the "cam," as in the camshaft of an engine, produces plasma and magnetic field disturbances that propagate outward into the magnetosphere. Here we propose that the newly discovered rotational density modulation in the inner region of the plasma disk acts as the "cam" that drives other rotationally modulated effects farther out in the magnetosphere. The main questions that remain are, how are these rotational effects produced in the inner region of the magnetosphere, and how does the rotation rate relate to the internal rotation of Saturn?
Since there is presently no accepted mechanism for imposing a time-variable rotation rate from a source internal to Saturn, we proceed by exploring the possibility that the time variability arises entirely within the plasma disk. It is already widely accepted (18, 19) that the rotation of the plasma disk is due to forces produced by field-aligned currents that link the plasma disk to Saturn (Fig. 3A) . A very natural explanation for the time-variable rotation rate is then that the plasma disk slips at a time-variable rate relative to the upper atmosphere of Saturn, which is where the coupling to the planet takes place. The mechanism for driving this slippage could then be ionization and charge exchange in the neutral gas torus, both of which produce a drag force that opposes the rotation of the plasma disk. This process is called mass loading (19) . In this model, the slippage rate is determined by the rate, dm/dt, at which mass is picked up by the plasma disk, and by the conductivity of the upper atmosphere, which controls the field-aligned currents that link the plasma disk to the planet. Since the ejection of mass from Enceladus likely has long-term variations that affect the density of the neutral gas torus, this model provides a ready explanation for the somewhat irregular long-term variations in the SKR modulation period (9) . It is already known that the Enceladus neutral gas torus has variations on time scales of months (20) , so variations on much longer time scales are highly likely. Another possible long-term effect that could cause changes in the rotation rate of the plasma disk is the seasonal variation of the solar inclination angle, which affects the conductivity of the upper atmosphere and thereby the coupling to the planet.
To proceed further we must next explain how the density modulation is produced in the inner region of the plasma disk. A possible model is motivated by the two-cell convection mechanism suggested by Dessler et al. (21) , which was originally proposed to explain rotational effects in the magnetosphere of Jupiter, and was also suggested as applying to Saturn by Hill et al. (22) . In our adaptation of this model (Fig. 3B ) the two-cell convection pattern has its origin as a centrifugally driven instability in the plasma disk (23) near the orbit of Enceladus. Such convective instabilities are well known in laboratory plasma machines. As the plasma flows around the convection cycle (indicated by the closed streamlines in Fig. 3B ), it picks up newly ionized plasma as it passes through the neutral gas torus (along the path from "a" to "b" in Fig. 3B ), thereby increasing the plasma density. It is this density increase that accounts for the longitudinal density variations observed in the inner region of the plasma disk. The density increase also insures that the centrifugal force, F c = nmω 2 R, where n is the plasma number density, m is the molecular mass, ω is the rotation rate and R is the radial distance, at point F c (2) is higher than at a symmetrically located point F c (1) . It is this difference in the centrifugal forces that drives the convection. From the ionization rate given by Hansen et al. (24) for the neutral gas torus, 8.7 x 10 -5 cm -3 s -1 , we estimate that it takes about a week to produce the observed ~50 cm -3 peak-to-peak density variation as the plasma flows through the neutral gas torus. Most previous models of centrifugally driven convection suggest that the convective motions should be dominated by high-order, m >> 1, azimuthal modes which evolve into finger-like azimuthal structures (25, 26) . However, these models do not consider the process by which the plasma is produced. For an azimuthally symmetric plasma source, such as the Enceladus neutral gas torus, we believe that the lowest order m = 1 (two-cell) mode should dominate because this mode produces the longest path length through the source region, thereby giving the largest density increase and the largest growth rate for the instability. Since there is a continuous production of plasma from the torus, in steady state there must be a corresponding outflow of plasma from the plasma disk into the outer regions of the magnetosphere. The two-cell convection would then cause a concentration of the out-flowing plasma on the dense side of the convection pattern (Fig. 3B) , i.e., at λ SC ~ 330°. As the convection pattern rotates, this outflow would produce perturbations that propagate far out into the magnetosphere, thereby acting as the "cam" that drives other rotationally modulated magnetospheric effects, such as the SKR. From the Voyager 1 and 2 radio observations (27) , it is known that SKR is generated at relatively low altitudes along magnetic field lines that pass near the magnetopause on the late morning side of the magnetosphere. As the perturbations from λ SC ~ 330° propagate outward, the associated magnetic field perturbations ( fig. S3 ) develop a phase lag of about 149° to 195° by the time they reach the vicinity of the magnetopause at R ~ 20 R S . This phase lag, which has been previously studied by Espinosa et al. (4) and Cowley et al. (28) , is almost exactly the right amount to explain the generation of SKR in the late morning at a local time of about 8 to 11 hr local time and a sub-solar SKR longitude of λ Sun = 100°. For a further discussion of the geometry involved and for comments on how the SKR might be generated as the outward propagating disturbance from the cam interacts with the morning side of the magnetopause, see the supporting on line material (SOM).
A potentially important feature of the convection pattern that needs to be explained is the close relationship between the phase of the azimuthal magnetic field and the phase of plasma density modulation (Fig. 2B and 2C ). This relationship is most likely related to the azimuthal torque required to oppose the change in the angular momentum of the plasma disk caused by the mass loading. Since both ionization and charge exchange are proportional to the plasma density, they both contribute to the mass loading. The current system that produces this torque and the resulting contribution to the Bϕ magnetic field are then expected to be largest in the region of highest plasma density, which would explain why these two quantities are in phase. However, the relationship between the magnetic field and the plasma density variations may be more subtle. If the current systems linking the plasma sheet to the northern and southern hemispheres are identical, then there would be no B ϕ magnetic field component at the equator. The equatorial B ϕ component then has to be due to an asymmetry between northern and southern hemispheres. The asymmetry could be produced by the fact that the net dayside conductivity of the southern hemisphere of Saturn is currently higher than in the northern hemisphere, not only because high southerly latitudes are currently in sunlight, but also because the rings are partially shadowing the northern hemisphere. This northsouth difference in the illumination greatly increases the conductivity of the upper atmosphere in the southern hemisphere relative to that in the northern hemisphere. The immediate consequence of this difference is that interchange motion would be resisted more by the southern ionosphere (23) . In the high density sector where flux tubes would move out, the northern ionosphere has to transmit a poleward motion to the southern ionosphere and vice versa in the inward moving sector. This asymmetry would require a significant transverse magnetic field component at the equator. Further analysis of the relation between the magnetic field and plasma asymmetry is reserved for elsewhere. Suffice it to say that a quarter cycle lag is expected between outward motion and the peak bending inward of the field (i.e., a peak negative value of the radial field perturbation, ∆B r ). Recalling the phase relation originally identified by Espinosa et al. (4) (that ∆B r leads B ϕ ), one sees that the observed phase relationship between B ϕ and n e is consistent.
Because our model is based on a centrifugally driven instability in the plasma disk that acts as a camshaft, it does not necessarily require a rotating magnetic anomaly, or any other rotating source internal to Saturn. Therefore, the internal rotation period of Saturn cannot be determined from the period of the SKR modulation. The only conclusion that can be made is that the internal rotation period must be less than the shortest SKR modulation period ever observed, which currently is slightly less than the period observed by Voyager (9) . If some internal source with the correct timevariable rotation rate were to be eventually identified, it is clear that any new explanation would need to account for the rotating plasma density and magnetic fields reported in this paper, as well as their linkage to the time-variable SKR modulation rate. Only equatorial orbits with a north-south distance, z, from the equatorial plane less than 0.1 R S were used in this study. Note the large variations from the power-law fit in the region from 3 to 5 R S . By following the colored line for a given orbit, one can see that the electron densities for the inbound and outbound portions of the same pass are often quite different. This hysteresis-like dependence on radial distance strongly suggests a longitudinal control.
Fig. 2. Panel (A)
shows the normalized SKR intensity as a function of the longitude of the Sun, λ Sun , using the timevariable SKR longitude system introduced by Kurth et al. (17) . The longitude of the Sun is used in this plot because the SKR modulation is known to be a purely temporal variation (29) , like a flashing light, not a rotating beacon. The characteristic nearly sinusoidal modulation of the SKR intensity is clearly apparent. Panel (B) shows the average azimuthal, B ϕ , component of the magnetic field in the plasma disk (3 to 12 R S ) as a function of the SKR longitude of the spacecraft, λ SC . The longitude of the spacecraft is used because we anticipated that the magnetic field would have a rotational control, as has been assumed by other authors (4). As can be seen the magnetic field displays a very clear nearly sinusoidal dependence on the spacecraft longitude. Panel (C) shows the electron density as a function of the SKR longitude of the spacecraft, λ SC , where again we anticipated a possible rotational control. The radial distance range in this case has been limited to the inner region of the plasma disk (3 to 5 R S ), since this is the region where the electron density variations are the largest (Fig. 1) . A very clear nearly sinusoidal modulation is evident, with an amplitude variation of nearly a factor of two and a phase at the peak (λ SC ~ 330°) that is almost the same as for the magnetic field. to the magnetic field, B. This force opposes the drag force exerted on the disk as mass produced by ionization and charge exchange from the Enceladus gas torus is picked up by the rapidly rotating magnetic field. This drag force causes the plasma disk, which rotates at an angular rate ω, to slip slowly with respect to the rotation rate, Ω, of the upper atmosphere of Saturn. Panel (B) shows the rotating two-cell plasma convection pattern that we proposed to explain the longitudinal modulation of the plasma density and magnetic field in the inner region of the plasma disk. In this model the two-cell convection pattern, shown as viewed from the north pole of Saturn, is driven by a centrifugal instability that arises from ionization of the neutral gas torus. As the plasma flows through the neutral gas torus from "a" to "b" the density increases due to this ionization, causing the centrifugal force, F c = nmω 2 R, at F c (2) to be greater than at the symmetrical point F c (1) on the opposite side of the convection pattern. It is this difference in the centrifugal forces that drives the convection. A radial outflow of plasma in the "heavy" sector of the convection pattern then acts as the "cam" (4) that drives the rotational modulation of various phenomena in the outer magnetosphere, such as the SKR. The slippage rate, and therefore the SKR modulation period, is determined by the mass loading rate, dm/dt, from the neutral gas torus, and by the coupling to the upper atmosphere, both of which are likely to have long-term variations.
